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Transitions from turbulence to order are studied experimentally in thin fluid layers and in magnetically
confined toroidal plasma. It is shown that turbulence self-organizes through the mechanism of spectral con-
densation in both systems. The spectral redistribution of the turbulent energy leads to the reduction in the
turbulence level, generation of coherent flow, reduction in the particle diffusion, and increase in the system’s
energy. The higher-order state in the plasma is sustained via the nonlocal spectral coupling of the linearly
unstable spectral range to the large-scale mean flow. Spectral condensation of turbulence is discussed in terms
of its role in the low-to-high confinement transitions in toroidal plasma which show similarity with phase
transitions.
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I. INTRODUCTION
Turbulence determines properties of many natural and
laboratory systems. Since its effects are often undesirable,
the search for routes from turbulence to order is of great
practical importance. Well-known examples of transitions
from the turbulent to ordered state in plasma are low-to-high
sL-Hd confinement transitions in toroidal plasma devices.
During these transitions the plasma evolves from the turbu-
lent state, which is characterized by high fluctuation levels
and anomalously high diffusion, to the state dominated by
the increased plasma sE3Bd flow, decreased turbulence
level, and reduced diffusion. Though such transitions are of-
ten induced externally sfor example, by increasing the heat-
ing power or by biasing the plasma using electrodes or lim-
itersd, spontaneous transitions are also commonly observed,
suggesting that the external trigger is not generally neces-
sary, as long as the plasma is close to the transition threshold.
Extensive studies of this phenomenon for more than two
decades, since the discovery of H mode in the ASDEX toka-
mak in 1982 f1g, have revealed that the above features of
L-H transitions are universal in a variety of plasma devices,
including tokamaks, stellarators, linear machines, and
reversed-field pinches.
A number of theoretical models have been developed to
explain L-H transitions f2g, including those which consider
the interaction between turbulence and plasma flows as the
central point of this problem. Among them are theories in
which plasma flows generated by turbulence are the essential
component of the turbulence-flow interplay. In this context—
namely, in an attempt to find a self-consistent picture of the
turbulence-flow interaction—the concept of zonal flows has
received a renewed interest in plasma physics sfor a review
see, e.g., Ref. f3gd. This has, in turn, attracted experimental-
ists trying to identify zonal flows in plasma experiments
f4–8g. Zonal flows are poloidally and toroidally extended
potential structures which are radially localized such that kr
@ku=ki =0 swhere kr, ku, and ki are radial, poloidal, and
parallel wave numbers correspondinglyd. The frequency of
the zonal flow is somewhat less certain. Though zonal flows
are generally thought to be the f =0 modes with a finite band-
width, their other branch, the finite-frequency oscillating
zonal flows, also termed geodesic acoustic modes, is also
widely discussed. Regardless of the theoretical details, these
anisotropic potential structures are believed to be generated
by the small-scale unstable modes se.g., drift wavesd through
wave-wave interactions and the spectral energy transfer from
the higher- to the lower-k spectral range sfor example,
through the inverse cascaded. It is also expected that zonal
flows inhibit radial particle transport and improve plasma
confinement. Nevertheless, it is still not quite clear where the
fundamental difference is between the zero-frequency zonal
flow and the so-called mean shear flow, the difference some-
times stressed in theoretical works se.g., Ref. f9gd.
Despite large theoretical and experimental efforts to un-
derstand the mechanisms of the zonal flow generation and
their effect on the plasma including their role in L-H transi-
tions, progress is slowed down by limited diagnostic oppor-
tunities in plasmas and, first of all, in the visualization of
turbulence and flows. As a result, measurements of the
turbulence-flow interactions are often bound to be theory
driven and, as such, are biased towards one model or another.
Along with further diagnostic development and better visu-
alization of turbulence, we propose a different approach in
order to boost the construction of a consistent picture of the
turbulence-flow interaction based on the inevitably frag-
mented experimental observations in plasmas. This approach
is the comparative analysis of the hydrodynamic and plasma
turbulence.
It should be noted that the generation of large-scale flows
through their interaction with broadband turbulence is a sub-
ject which is not unique to plasma physics. The formation of
large structures in two-dimensional s2Dd turbulence has been
extensively studied in neutral fluids since the 1960s, both
theoretically and experimentally. We perform some of the
fluid experiments with a particular emphasis on the genera-
tion of the large-scale flows and their interaction with small-
scale turbulence. In this paper we compare some features of
the evolution of the 2D fluid turbulence with results on the
plasma turbulence modifications during L-H transitions in
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the H-1 toroidal heliac and discuss new ideas on the genera-
tion of zonal flows and reduction of turbulence arising from
such comparison. The comparison triggers useful analogies
with regard to mechanisms of flow generation in plasmas,
mostly thanks to the power of the 2D fluid flow visualization
not available in plasma experiments. The comparison of the
plasma turbulence with turbulence in thin layers of fluid is
partially justified by extensive theoretical and modeling work
done in the past on proving the analogy between the 2D
hydrodynamic and toroidal plasma turbulence, in particular
the similarity between the drift-wave turbulence in the
Hasegawa-Mima model and the Rossby-wave turbulence in
the Charney-Obukhov model sfor a review see Ref. f10gd.
However, we stress that the fluid experiment presented here
serves more as an inspiration for a first-principle interpreta-
tion of the plasma results rather than proof of our conclu-
sions. On the other hand, similarities between the turbulence
evolution in 2D fluid and in toroidal plasma, presented be-
low, point to the universality of the self-organization in both
systems.
The paper is organized as follows. In Sec. II we review
some of the studies related to large-structure generation in
2D fluid turbulence and present experimental results on the
spectral condensation of turbulence in thin layers of electro-
lyte in a cell. Section III describes the evolution of turbulent
spectra measured in the low-temperature plasma of the H-1
heliac during spontaneous L-H transitions. The spectral en-
ergy transfer is analyzed which, together with the spectral
energy balance estimates, leads to a conclusion about the
spectral condensation of the turbulent energy. Finally, in Sec.
IV we discus the results and summarize the conclusions.
II. CONDENSATION OF SPECTRAL ENERGY IN 2D
HYDRODYNAMIC TURBULENCE
Studies of 2D turbulence were initially considered as a
reduced problem which helped to better understand the prac-
tically more important 3D turbulent flows. It was realized,
however, that 2D turbulence not only differs substantially
from its 3D counterpart, but also may have a practical im-
portance of its own. Though 2D flows do not, strictly speak-
ing, exist, there are a number of examples of the flows in
geophysics and astrophysics where quasi-2D turbulence
serves as a good model. Here we summarize basic properties
of the 2D turbulent flows before discussing experiments on
condensation of the spectral energy.
It is well known that the evolution of spectra in 3D flows
leads to the transfer of the spectral energy Eskd, towards
smaller scales slarger kd, a forward energy cascade, until it
reaches the dissipation scale determined by the viscosity.
Spectral regions of the energy injection skid and of the dissi-
pation range skdd do not generally coincide. The spectral
range between them is called the inertial range. Viscous pro-
cesses determine the energy dissipation rate « in the system.
Kolmogorov f11g assumed that sad the statistical properties
of turbulence in the inertial range sk!kdd are determined
only by k and « and sbd « is the universal constant of a given
flow in time and in space. Dimensional considerations have
led to the famous Kolmogorov law for the spectral energy:
Eskd = C«2/3k−5/3. s1d
In 2D flows, in addition to the energy conservation, enstro-
phy, or the volume integral of the squared vorticity, V
=1/2evv2dv swhere v= = 3V is the vorticity and V is ve-
locityd is also conserved f12g. The existence of this second
invariant of the flow modifies the spectral transfer, which is
now determined by both the energy « and the enstrophy «v,
dissipation rates, and leads to the onset of two inertial ranges
f13g. If energy and enstrophy are injected into the system at
ki, then energy in 2D flow cascades towards larger scales, or
lower k,ki sinverse energy cascade ranged, while the en-
strophy is transferred towards higher k.ki sforward enstro-
phy cascaded. The former is described by the Kolmogorov
law, Eq. s1d sthough the energy is transferred in the opposite
direction to that in the 3D turbulenced, while the latter is
described by
Eskd = Cv«v
2/3k−3. s2d
The maximum of the energy spectrum thus lies in the low-k
range at kE and in the absence of the energy dissipation at
large scales kE cannot be constant in time, kE= fs« , td. If we
introduce damping for large scales—for example, via linear
damping m, the scale corresponding to the maximum of the
spectrum—stabilizes at
kE < sm3/«d1/2. s3d
If the system size is larger than this dissipation scale, lE
=2p /kE, one should observe the stationary spectrum show-
ing two inertial ranges corresponding to the inverse energy
cascade fEq. s1dg and the direct enstrophy cascade fEq. s2dg.
For a detailed review on progress in the 2D turbulence stud-
ies see Ref. f14g.
In this paper we will be mostly interested in conditions
when the dissipative scale lE exceeds the size of the experi-
mental system, lc. In this case the spectral energy is accu-
mulated at the largest scale allowed by the system size. Such
a process, in which energy piles up in the largest scale kc,
was predicted by Kraichnan in 1967 who also noted the simi-
larity between the condensation of the turbulent energy and
the Bose-Einstein condensation of the 2D quantum gas f13g.
The condensate formation in 2D fluids has been confirmed in
experiments f15,16g and in numerical simulations f17,18g.
The first convincing experimental evidence of the inverse
energy cascade in 2D turbulence was presented by Sommeria
in 1986 f15g. In this experiment, turbulence was generated in
a thin layer of mercury in a cell. The fluid was placed in the
vertical magnetic field. Thirty-six biased electrodes of vary-
ing polarity generated electric currents in a layer which, by
interacting with the vertical magnetic field, generated 36 pla-
nar vortices in a cell. By varying the electric current and the
depth of mercury layer, the forcing and linear damping could
be finely controlled. Sommeria observed a k−5/3 scaling due
to the inverse cascade in the energy inertial range sthough in
a rather narrow k ranged and also reported the observation of
the largest vortex limited by the cell size at low linear dissi-
pation due to the process of spectral condensation. Another
interesting observation which we will address in Sec. IV is
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that when the damping was close to some critical value, this
largest vortex was observed to irregularly reverse its direc-
tion.
Detailed measurements of the spectral energy scaling
were presented by Paret and Tabeling f16,19g in 1997–1998
in experiments in the stratified layers of electrolyte. In these
experiments 2D turbulent flows were studied by generating
sJ3Bd-driven vortices in thin layers of fluid. The electric
current of a random-in-time polarity flowing from one wall
of the cell to another interacts with the spatially varying
magnetic field to generate a matrix of vortices of varying
signs. These experiments have reliably confirmed the exis-
tence of the inverse energy cascade in the quasi-2D turbu-
lence, the k−5/3 scaling, as predicted by Kraichnan f13g, and
also have confirmed the generation of the spectral conden-
sate at low damping. In this paper we repeat with minor
variations this experiment in order to obtain a more detailed
description of the spectral condensation of turbulence than
was previously published.
To generate the spectral condensate in a fluid we used
experimental procedure reported by Paret and Tabeling f16g,
but with a constant instead of a random-in-time forcing. A
turbulent flow is generated in a thin layer of electrolyte by
driving 100 sJ3Bd-forced vortices s10310d in a cell. The
schematic of the experimental setup is shown in Fig. 1. To
study spectral condensation we are interested in the regime
when the dissipation scale lE fEq. s3dg exceeds the size of
the cell, lc. Since the dissipation scale is determined by the
frictional damping of the flow at the bottom wall m, two
layers of electrolyte sNaCl water solutionsd of different con-
centrations sheavier solution at the bottom, total thickness of
6 mmd are used to reduce m, as proposed in Ref f16g. The
observation time is limited by the time it takes for the diffu-
sion between the layers to destroy the stratification. Trajec-
tories of the trace particles slatex particles, size ,0.1 mmd
on the free surface of the fluid are recorded using a digital
camera at 25 frames per second.
The evolution of the trace particle trajectories is shown in
Fig. 2. After the force is applied sa dc current is turned ond,
three stages of the flow evolution are observed. At the early
s“linear”d stage, only vortices at the injection scale ki, deter-
mined by the magnet sizes, are seen in Fig. 2sad. As the
inverse energy cascade develops, the aggregation process
drives larger structures fFig. 2sbdg. After about 50 s, global
rotation dominates the flow fFig. 2scdg which then persists in
a steady state. The total kinetic energy of the system in-
creases from the linear stage to the inverse cascade stage
until it reaches a maximum and stabilizes in the condensate
regime as shown in Fig. 3sad. The kinetic energy is calcu-
lated from the velocity field, which is computed from the
flow movie using a particle-image velocimetry technique.
The energy spectra of the velocity field are substantially
modified during the system’s evolution from the inverse cas-
cade regime to the condensate stage fFig. 3sbdg. As the sys-
tem evolves, the turbulent energy is reduced over most of the
k range, except for the injection wave number ki<630 m−1
and the smallest wave number kc<80 m−1 determined by the
size of the cell. It is this lowest mode at kc that is seen as the
global rotation or condensate. A radial profile of the linear
velocity of this largest vortex is shown in Fig. 3scd.
Scalings of the spectra in the inverse cascade and in the
condensate regimes are shown in Fig. 4. In the inertial range
corresponding to the enstrophy cascade fk.ki in Fig. 4sadg,
the spectrum scales as k−3.5, which is slightly different than
the scaling predicted by Kraichnan theory f13g, probably for
the reasons discussed in f20g. In the energy cascade inertial
range sk,kid the spectrum scales approximately as k−5/3,
though in our experiments this spectral range is not as
smooth as in the experiments with the random-in-time forc-
ing f19g. This shape of the spectrum changes dramatically
after the spectral energy condenses into the largest vortex, as
FIG. 1. sColor onlined Experimental setup for studying evolu-
tion of the 2D turbulence. A matrix of 10310 magnetic dipoles
spermanent magnets 435310 mm3, B=0.33 T on the surface of
the magnetd is placed under the cell. An electric current flowing
between the electrodes s0.1–4 Ad interacts with the spatially vary-
ing magnetic field to generate sJ3Bd-driven vortices sdiameter of
,12 mmd above each of the magnetic dipoles.
FIG. 2. Evolution of turbulence in a thin layer of electrolyte in a
cell during spectral condensation. Trajectories of the tracer particles
averaged over 12 frames of recorded video are shown. sad The
initial slineard stage, t=3 s. sbd The inverse cascade stage, t=25 s.
scd The condensate stage, t=60 s. DxD represents the spatial scale of
the trace particle transport during three stages of the flow evolution.
SPECTRAL CONDENSATION OF TURBULENCE IN… PHYSICAL REVIEW E 71, 046409 s2005d
046409-3
shown in Fig. 4sbd. In this regime a ,k−3.3 scaling is ob-
served both at k,ki and at k.ki. A scaling close to k−3 in
the condensate has been noted by Tabeling f14g. Results pre-
sented here confirm the k−3.3 scaling in the condensate which
extends over two decades as seen in Fig. 4sbd.
This strong deviation from the k−5/3 law during the forma-
tion of the condensate is indicative of a change in the nature
of the energy flow between the injection scale and the maxi-
mum of the spectrum. One may speculate that the spectral
energy is transferred nonlocally from ki to kc, skipping inter-
mediate scales and thus leading to a reduction in the turbu-
lence level in the inertial range seen in Fig. 3sbd.
After the formation of the largest vortex, the condensate
persists in a steady state. The energy necessary to overcome
damping at this largest scale can only come from the energy
source at ki. This is possible if two spectral regions ki and kc
are coupled such that the spectral energy is delivered from ki
to kc directly, rather than through a multistep process of the
energy cascade.
The establishment of the largest vortex greatly reduces the
tracer particle diffusion sin fact, particle dispersiond in the
system. As shown in Fig. 2, the “diffusion scale” DxD in-
creases from the linear stage to the inverse cascade regime.
After the global flow is established, the diffusion scale drops,
inhibiting the particle transport from the center of the largest
vortex to its edge and thus reducing diffusion.
Summarizing the results of this section, under the condi-
tions where damping due to the friction to the bottom is
reduced and the dissipative scale exceeds the size of the cell,
we observe spontaneous condensation of the spectral energy
of turbulence into the large coherent vortex limited by the
cell size sFig. 2d. During this process, at the constant energy
input into the system, the total kinetic energy increases and
reaches maximum in the condensate regime. The energy
spectrum develops a strong peak at kc while the spectral
energy at all intermediate scales between this maximum and
the injection scale is reduced. This is seen as the disappear-
ance of the Kolmogorov k−5/3 inertial range and the onset of
the k−3.3 scaling. The trajectories of the trace particles change
from chaotic in the inverse cascade phase of the flow evolu-
tion fFig. 2sbdg to regular sdeterministicd in the condensate
regime fFig. 2scdg. This can also be interpreted as the reduc-
tion in trace particle dispersion in the condensate regime.
FIG. 3. sColor onlined Analysis of the velocity field during spec-
tral condensation in 2D fluid. sad Temporal evolution of the total
kinetic energy during the condensation. Three stages are marked:
linear sLd, inverse cascade sICd, and condensate sCondd. sbd Fluid
turbulence spectra in the inverse cascade regime sdotted lined and in
the condensate regime ssolid lined. Spectral energy is normalized by
the total kinetic energy of the system. Shaded regions correspond to
the injection scale ki, and to the condensate scale kc. scd Linear
velocity in the condensate vortex as a function of distance from the
vortex center.
FIG. 4. sColor onlined Energy spectra of the fluid velocities sad
during the inverse cascade stage of the flow development and sbd
after the condensate has formed. The injection scale ki is shown by
the vertical dashed line.
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III. EVOLUTION OF THE PLASMA TURBULENCE
SPECTRA DURING L-H TRANSITIONS
Experimental studies of the density fluctuation spectra in
magnetized plasma performed in 1970s and 1980s, mostly
using microwave and laser scattering, revealed that these
spectra are broad and have maxima at low frequencies and
low wave numbers f21g. Since underlying linear instabilities
suspected in driving the observed turbulent spectra, such as
the drift-wave instabilities, are localized in a narrow higher-
frequency spectral range, new theoretical models have been
proposed to explain observations f10g. Hasegawa and Mima
have shown that broadband spectra of the plasma drift-wave
turbulence can be generated via three-wave interactions f22g.
Then it was found that the structure of the Hasegawa-Mima
equation, which describes the spectral evolution of the drift-
wave turbulence, is identical to the Charney equation de-
scribing the evolution of nonlinear Rossby waves in plan-
etary atmospheres f23,24g. These models, similarly to the
models of the 2D fluid turbulence described by the 2D
Navier-Stokes equation, have two conserved quantities, en-
ergy and enstrophy, which lead to two inertial ranges and to
the inverse cascade of energy in the turbulence spectra. Simi-
larly to the fluid dynamics in 2D, condensation of the spec-
tral energy in the largest scale has been predicted f23g and
confirmed in numerical simulations f25g. In particular, such
condensation has been shown to lead to the formation of
zonal flows and other coherent structures which is a form of
plasma self-organization.
Though many ingredients of the condensation process in
plasma are known, there is no clear understanding how it is
realized in magnetically confined plasma. As the terminology
suggests, condensation is the process which leads to a phase
transition. Here we attempt to put a more concrete meaning
into this analogy based on an analysis of the turbulence spec-
tra in plasmas close to and during transitions from low to
high confinement mode. The term “phase transition” is more
and more frequently used with regard to L-H transitions
f26–30g. In this paper we propose a somewhat different in-
terpretation of this analogy.
To analyze the turbulence condensation in plasma, spec-
tral energy transfer during the turbulence evolution needs to
be studied. Such an analysis is relatively easy to perform if a
single-field description of plasma turbulence is valid. The
mode-coupling mechanism in the turbulence may arise from
the E3B convection of the density fluctuations f31g or from
the polarization drift, which both appear in the equation of
the ion dynamics f22g. The problem can be reduced to a
singe-field model if the electron response to the potential
fluctuations is adiabatic. In this case plasma turbulence can
be modeled by the Charney-Hasegawa-Mima sCHMd model
f22,10g, which also describes atmospheric turbulence. In the
reported experiments in H-1 at large ion gyroradii sdue to
high argon ion mass and low magnetic fieldd, the polarization
drift nonlinearity dominates so that the CHM model is appli-
cable to our experiments f32,33g. This gives the opportunity
to sad study spectral transfer in a single-field model f34g and
sbd partially justify the comparison of the spectra evolution
in 2D fluid experiments with plasma results.
Plasma turbulence spectra discussed in this paper were
obtained in the H-1 toroidal heliac f35g, a three-field-period
helical axis stellarator, which has a major radius of R=1 m,
and a mean minor radius of about kal<0.2 m. Experiments
are performed at low magnetic field in the range of B
= f0.05–0.15g T in the plasma produced by ,60 kW of
radio-frequency waves at 7 MHz. Plasma parameters are as
follows: ne,131018 m−3, Te,10 eV, and Ti,40 eV in ar-
gon at filling pressures of ,3310−5 Torr f36,37g. Such
plasma parameters make the H-1 plasma dimensionally simi-
lar to the edge plasma of bigger toroidal experiments, as
discussed in Ref. f38g.
We study the evolution of the turbulence spectra in H-1 in
the range of plasma parameters where transitions from low to
high confinement modes are observed. Plasma conditions
and thresholds at which L-H transitions are observed in H-1
are described in Ref. f39g. We compare the turbulence char-
acteristics in plasma discharges sufficiently close to the
threshold conditions, where spontaneous L-H transitions are
often observed with no external parameter “forcing” the tran-
sition. Radial profiles of the plasma parameters in L and H
modes are shown in Fig. 5. The electron density doubles
during the transition, while its fluctuations and the effective
diffusion coefficient are substantially decreased. The radial
electric field is greatly increased in the outer half of the
plasma radius, as seen in Fig. 5scd. Fluctuations in the
plasma electrostatic potential are also decreased by more
than two orders of magnitude from the L to H mode.
The spectrum of the potential fluctuations in the L mode
shows low-frequency coherent structures and a broadband
turbulence in the higher-k range shown in Fig. 6sad. Fre-
quency spectra are computed from the time series of electro-
static potential, and then they are rescaled into the wave
number domain as k=2pf /VE3B, sf is the frequencyd. Such
rescaling is justified in view of the experimentally confirmed
linear fskd dependence f33g. During the L-H transition, the
spectral power of the fluctuations is reduced in a broad spec-
tral range, except for a spectral region around k<200 m−1.
We also compute the nonlinear spectral energy transfer due
to three-wave interactions using a single-field model of
FIG. 5. sColor onlined Radial profiles of the plasma parameters
in L sdashed lined and H ssolid lined modes: sad electron density, sbd
effective diffusion coefficient Def f =Ge / „n, scd radial electric field,
and sdd root mean square of the density fluctuations.
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plasma turbulence as described in Ref. f33g. The nonlinear
energy transfer function, which quantifies the energy ex-
changed between different waves due to the three-wave in-
teractions, is computed as
WNL
k < s1 + k’
2 d o
k=k1+k2
Tksk1,k2d , s4d
where the spectral power transfer function Tk is estimated
from
]Pk
]t
= 2gkPk + o
k=k1+k2
Tksk1,k2d . s5d
Equation s5d can be derived from the wave kinetic equation
and solved for Tk f33g. The nonlinear energy transfer func-
tion is shown in Fig. 6sbd for L and H modes.
In L mode, WNL
k is negative in the higher-k range of k
= s150–350d m−1 and has a negative maximum at around ki
<200 m−1. This spectral range loses on average spectral en-
ergy, which is gained by the lower-k range characterized by
positive WNL
k
. The spectral range around ki<200 m−1 has
been identified as that of the underlying linear instability
f33g. The energy reservoir for this drift-wave-like instability
is the plasma pressure gradient. Note that it is in this spectral
range where fluctuations are not reduced during the confine-
ment transition. This is in agreement with the fact that the
energy reservoir for the instability does not decrease from
the L to H mode, but rather increases due to the improved
confinement and more peaked plasma pressure profiles.
Thus, both the spectra evolution and the spectral transfer
analysis identify the ki<200 m−1 range as the linearly un-
stable spectral region. This range is equivalent to the injec-
tion scale in the hydrodynamic turbulence spectra discussed
in Sec. II. Spectral energy is transferred from this scale to-
wards lower wave numbers k,ki via the inverse energy cas-
cade. The spectral range at higher wave numbers k.ki is the
enstrophy-cascade range. In this range, spectra in L mode
scale as ,k−3.9 as seen in Fig. 7. Such scaling is in good
agreement with the shape of the spectra obtained in numeri-
cal simulations which show ,k−m, where m<4 f10g. In H
mode, the spectrum scales differently, showing ,k−3.0 at k
.ki. Thus, the broadband spectrum is generated through a
three-wave interaction process which leads to the inverse en-
ergy cascade and to the forward enstrophy cascade. The
spectral transfer analysis results agree with theoretical pre-
dictions with regard to the broadband part of the spectrum.
Spectral energy transfer into the coherent spectral features
seen in Fig. 6sad will be discussed later.
Note that the spectral energy is reduced during L-H tran-
sitions both below and above ki. This poses a question:
where does the spectral energy of turbulence go during the
transition? Our experimental data do not show any increase
of the spectral energy at small scales. Following the fluid
turbulence results of Sec. II, one may suggest that the spec-
tral energy of the turbulence condenses into the lowest wave
number, limited by the system size, and is observed as a
large vortex, characterized by a stationary velocity profile,
similar to that shown in Fig. 3sbd. Such flow indeed develops
during L-H transitions and is observed as an increase in the
mean E3B flow velocity fFig. 8sbdg, due to the increase in
the radial electric field and coinciding with the reduction in
turbulent fluctuations fFig. 8sbdg. The electrostatic energy of
the turbulent fluctuations WT=evdnokmeVk
2 /2 swhere n de-
notes volume and Vk velocities associated with different tur-
bulent scales kd should in this case transform into the kinetic
energy of electrons senergy of the E3B flowd WF
=evdn meVF
2 /2. The former can be estimated from experi-
mental measurements of the potential fluctuation spectra by
integrating over the plasma radius as
WT , E
0
a
rdrFneLB2 ok=0
ki
k2wk
2G , s6d
where neL is the electron density in L mode, Vk=kfk /B, and
B is the magnetic field. The increase in the energy of the flow
during the L-H transition is estimated as
WF , E
0
a
rdrfneHVH
2
− neLVL
2g , s7d
where neH is the electron density in H mode and VH and VL
are the E3B flow velocities in L and H modes correspond-
ingly. These estimates of the turbulent and the flow energy
agree in our experiment to within 20%. This confirms that
the observed increase in the E3B flow in H mode can be
largely due to the redistribution of the spectral energy from
FIG. 6. sColor onlined Modifications of the wave number spec-
tra of the potential fluctuations in L and H modes: sad power spectra
of the floating potential fluctuations and sbd nonlinear energy trans-
fer functions.
FIG. 7. sColor onlined Scaling of spectra of the potential fluc-
tuations in L and H modes in the enstrophy inertial range. ki denotes
the spectral range of the underlying linear instability.
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the intermediate scale into a mean zonal flow.
After the flow establishes in H mode, it should be sus-
tained by the energy transfer from the unstable range at k
<ki, similarly to the mechanism through which the mean
flow of the condensate in 2D fluid is sustained by the force at
the injection scale ssee Sec. IId. Below we present experi-
mental evidence of such a spectral transfer in H mode.
The analysis of the spectral connection between the injec-
tion scale, k<ki, and the condensate, k<kc, denoted in Fig.
8sad as shaded areas, is performed in the time sfrequencyd
domain using the amplitude correlation technique f40g. This
technique has been successfully used to analyze the spectral
transfer in the L-mode spectra in H-1 f33g. Two frequency
bands of interest are selected from the fluctuation signal by
bandpass-filtering it in order to obtain two time series. These
two time series are then squared and passed through a low-
pass filter to obtain only the slow varying amplitude infor-
mation. Then the cross-correlation function between these
signals is computed, to obtain the amplitude correlation func-
tion sACFd
FACFstd = kfx1
2stdgfx2
2st + tdgl . s8d
The energy flow direction can then be determined from the
sign of the time delay of the ACF. For example, if x1std and
x2std correspond to the lower- and higher-frequency bands,
correspondingly, and if the ACF has a maximum at the nega-
tive time lag, it means that the amplitude of the low-
frequency band lags with respect to the higher-frequency
band. This is interpreted such that the low-frequency band
receives its energy from the higher-frequency band.
The frequency spectrum of the potential fluctuations in H
mode is shown in Fig. 9sad. This spectrum corresponds to a
“deep” H mode, obtained at higher magnetic field f36,39g. It
is characterized by the broader scompared with H modes
observed during spontaneous transitionsd spectra both around
the f <0 and near the f <50 kHz peak. The latter corre-
sponds to the unstable sinjectiond range. The finite width of
the two spectral ranges allows the amplitude correlation
technique to be used as a diagnostic of the spectral coupling
between these two regions. The amplitude correlation func-
tion FACFstd between the f <0.5±0.25 kHz and f
<50±0.25 kHz bands is shown in Fig. 9sbd. The ACF has a
maximum of about 0.32, suggesting substantial correlation
between the two bands. A negative time lag sthe ACF maxi-
mum corresponds to t<−0.2 msd indicates that the spectral
energy flows from the f <50 kHz band into the f <0.5 kHz
band.
Summarizing results presented in this section, we have
shown that the following.
sid The broadband spectra in L mode are generated via
three-wave interactions which lead to two spectral cascades:
the inverse energy cascade and the forward enstrophy cas-
cade.
siid Turbulence spectra evolve during L-H transitions such
that the fluctuation level is reduced at both smaller and larger
scales, while remaining approximately constant in the un-
FIG. 8. sColor onlined sad Spectra of the potential fluctuations
and sbd radial profiles of the mean E3B flow velocity in L and H
modes.
FIG. 9. sColor onlined sad Spectrum of the potential fluctuations
in the H mode. Shaded areas show Df =0.5 kHz wide frequency
bands around the unstable range at f <50 kHz and at f <0.5 kHz,
within the spectral width of the mean flow. sbd Amplitude correla-
tion function between the two Df =0.5 kHz wide bands.
SPECTRAL CONDENSATION OF TURBULENCE IN… PHYSICAL REVIEW E 71, 046409 s2005d
046409-7
stable range sequivalent of the injection scale in 2D fluid
experimentd.
siiid The reduction in the energy of the electrostatic turbu-
lence during L-H transitions has the same order of magnitude
as the increase in the energy of the mean E3B flow.
sivd A finite-spectral-width, zero-frequency E3B flow
szonal flowd is spectrally coupled to the unstable range
higher-frequency fluctuations in H mode such that the spec-
tral energy flows from the higher-frequency range into the
zonal flow.
Thus, we presented strong evidence that the mechanism
of the reduction in turbulence coinciding with the increase in
the E3B flow during L-H transitions is similar to the pro-
cess of the spectral condensation of the turbulent energy in
the 2D fluid described in Sec. II.
IV. DISCUSSION
The turbulence evolution during the spectral condensation
in 2D fluids presented in Sec. II is in many aspects similar to
the modification of turbulence in toroidal plasma during
spontaneous transitions from low- to high-confinement mode
described in Sec. III. These similarities are summarized as
follows.
sid The inverse energy cascade leads to the generation of
broad spectra and eventually to the condensation of spectral
energy at the largest scale allowed by the system size.
siid The turbulence level is reduced at all scales between
the injection scale and the condensate scale during spectral
condensation. Two coupled but spectrally disconnected spec-
tral regions are observed after the condensate formation: sad
coherent large-scale flow szonal E3B flow in plasmad and
sbd a smaller-scale spectral peak around the injection scale
slinear instability range in plasmad.
siiid The nature of the spectral energy transfer from the
injection scale towards large scales changes during the con-
densation process. This is seen as the disappearance of the
k−5/3 range in 2D fluids and as a strong reduction in the
broadband turbulence in the plasma H mode.
sivd The reduction in the particle diffusion is seen as the
reduction in the effective diffusion coefficient in plasmas and
as the modification of the tracer-particle orbits from chaotic
to regular in 2D fluids.
Several of these observations are in agreement with theo-
retical models for the drift-wave turbulence by Balk et al.
f41g. Using the hypothesis of the nonlocal inverse cascade,
they predicted a reduction of the intermediate scales in the
turbulent spectrum during the spectral condensation into the
zonal flow. The splitting of the turbulent k spectrum into two
unconnected components—intensive zonal flow and a high-k
jet at the injection scale—was also shown. In this model a
local sdriven by comparable scalesd inverse energy cascade
leads to the generation of large structures. After reaching
some threshold level, these structures force a change in the
spectral transfer from the injection scale, which leads to a
reduction in the intermediate scales f42,43g. After stabiliza-
tion of the zonal flow, the energy transferred from the injec-
tion scale shigh-frequency drift-wave jetd is much smaller
than the energy of the zonal flow, but is sufficient to over-
come dissipation at the condensate scale.
Theory of the nonlocal spectral transfer was first devel-
oped for the drift-wave turbulence using the Charney-
Hasegawa-Mima model f41–43g. Recently, a theory of the
nonlocal turbulence described by the 2D Navier-Stokes
equation has been proposed to describe the interaction of the
coherent large-scale vortices with the broadband turbulence
f44g. Theoretical predictions of the nonlocal turbulence
theory sFig. 7 of Ref. f44gd agree well with our result of Fig.
4sbd which shows a k−3.3 scaling in the fluid condensate.
In our plasma experiments, the inverse energy cascade
generates broadband turbulence in the L mode sSec. III and
f32,33gd. After the transition to the H mode, the nonlocal
spectral transfer from the unstable range is responsible for
maintaining the zonal flow in the H mode, as follows from
the result of Fig. 9. The nonlocal transfer means that the
spectral energy is delivered to the condensate by the inter-
acting wave triads such that kc!k1<k2<ki, where kc is the
wave number of the condensate, kc=k1−k2, and ki is the
wave number of the injection scale.
In addition, it is appropriate to mention here that in low-
confinement mode, before L-H transitions, we observe both
local and nonlocal inverse energy transfers in turbulent spec-
tra, as described in Ref. f33g. The local energy cascade is
responsible for the generation of the broadband spectra in L
mode, while the nonlocal transfer is responsible for the co-
herent structure generation. In the plasma conditions close to
the confinement transitions, large coherent structures having
low poloidal mode numbers m=0,1 ,2, etc., are observed on
top of the broadband spectra as seen in Fig. 6sad. Near the
transition threshold, we observe the m=0 low-frequency
sseveral kilohertzd mode identified as zonal flow f4g, which
has finite radial and nearly zero poloidal wave numbers, kr
@ku<0. It is also driven from the unstable range via nonlo-
cal coherent spectral transfer f33g. This regime, where the
broadband turbulence coexists with coherent structures and
oscillating zonal flows f33g has been identified as an inter-
mediate mode, or I mode, and was likened to a metastable
state near the phase transition threshold f38g. The term “I
mode” is borrowed from Ref. f29g where the low-
confinement regime dominated by oscillating zonal flows is
similarly described.
Further extending the phase transition analogy, we sug-
gest that the plasma properties in the I mode may be consid-
ered as the incomplete condensation smetastable stated. Dur-
ing the transition to the H mode, mean zonal flow sfinite-
spectral-width f =0 moded takes over the energy of the
coherent structures and of the oscillating zonal flows. The
latter thus act as nuclei in the phase transition. This is sup-
ported by our estimates of the turbulent energy and of the
energy of the E3B flow in Sec. III. The role of zonal flows
as of nuclei of the phase transitions has also been discussed
from a different viewpoint in Ref. f38g.
Oscillations of zonal flows near the threshold of spectral
condensation are not unique for plasmas. It has already been
mentioned in Sec. II that in 2D fluid irregular reversals of the
global vortex were observed in experiments by Sommeria
f15g when the linear damping was close to some critical
value. Recently, a similar behavior of the 2D turbulence con-
densate has been found in a direct numerical simulation of
the 2D turbulence by Molenaar et al. f45g. It is possible that
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such rotation reversal can be related to the critical behavior
near the phase transition. Further experimental studies of the
condensate formation in 2D fluids in the conditions where
the dissipation scale fEq. s3dg is close to the cell size will
shed light on this problem.
Summarizing, the results discussed in this paper suggest
that the low-to-high transitions in plasmas can be viewed as
phase transitions in which the spectral condensation of tur-
bulence plays a central role. In the frame of a qualitative
model which can be built on the analogy with processes in
the fluid turbulence, L-H transitions can be thought of as
follows. The plasma pressure gradient is the energy reservoir
for a drift-wave instability which develops in the plasma.
The inverse energy and the forward enstrophy cascades lead
to spectrum broadening such that its maximum shifts to
larger and larger scales. At this stage large scales dominate
the turbulence spectrum and the particle transport is hyper-
diffusive. When the dissipative scale becomes comparable to
the plasma minor radius, the spectral energy of turbulence is
accumulated in the largest scale, leading to the formation of
zonal flow. This coincides with the strong reduction in the
fluctuation level everywhere in the spectrum, except for the
linear-instability range and the condensate range. The turbu-
lence energy transforms mostly into the energy of the mean
E3B flow. As a result of the turbulence reduction, particle
diffusion is also greatly reduced, leading, along with the in-
creased Er, to the confinement improvement in the H mode.
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